Herpes simplex virus (HSV) entry requires the coordinated function of multiple virus envelope proteins and at least two host cell factors. For most cell types studied, the entry process begins with a low-affinity attachment to the cell surface, mediated by an interaction between cell-surface heparan sulfate proteoglycan and virion glycoprotein gB, gC, or both (10, 11, 27, 32) . Following this initial, low-affinity attachment, there may be secondary, higher-affinity binding events that lead to viral fusion. One such interaction is thought to be mediated by the virion glycoprotein gD. gD-lacking (gD Ϫ ) viruses attach to but fail to penetrate susceptible cells, and anti-gD antibodies block entry following attachment but before membrane fusion (6, 7, 12, 16) . Soluble gD can block HSV infection, and it binds to a saturable cell surface molecule, suggesting that gD makes an essential interaction with a host cell receptor (14) . Fusion of the virus envelope with the cell surface absolutely requires at least four virion glycoproteins, including gD (gB, gD, gH, and gL), and may involve other, unidentified cellular factors (2, 5-8, 12, 13, 16, 17, 24, 25) .
One host cell surface molecule, HVEM, that can mediate postattachment entry of HSV into CHO cells and is a member of the tumor necrosis factor-nerve growth factor receptor family (19) has been identified. HVEM is expressed in various tissues, including liver, lung, and kidney, and lymphocyte-rich tissue like spleen, and in peripheral blood leukocytes (18, 19) . Transient transfection with HVEM can cause activation of transcriptional regulators including nuclear factor B, Jun Nterminal kinase, and Jun containing transcription factor AP-1, suggesting that HVEM is associated with signal transduction pathways that activate the immune response (18) .
In addition to its physiological role, HVEM mediates the fusion of viral and cellular membranes, presumably through interactions with one or more of the virion envelope glycoproteins essential for entry (gB, gD, gH, and gL). HVEM may not be a universal mediator of HSV entry, since anti-HVEM serum only weakly blocks HSV type 1 (HSV-1) infection in some susceptible cells (19) . Two lines of evidence suggest that HVEM mediates entry by way of interaction with virion gD and is, in fact, a receptor for gD. First, soluble forms of HVEM and HSV-1 gD can form a specific complex in vitro (31) . Second, the ability of HSV to use HVEM as a mediator is at least partly determined by mutations in the gD gene (19) . Furthermore, the ability of specific gD sequences to bind to HVEM is correlated with the ability of viruses encoding those gD sequences to use HVEM as a mediator of entry (31) .
We have characterized two cell lines which are highly resistant to HSV infection at a point postattachment but at or prior to penetration (22, 23) . U S 11cl19.3 is a clonal cell line derived from BHK(TK Ϫ ) cells. These cells are stably transfected with genes encoding HSV-1(F) proteins ICP4 and U S 11. The block to entry in these cells is exercised at a step following attachment but before fusion. This step is apparently mediated by gD, since viruses carrying mutations in the gD gene can at least partially overcome the block to infection. These cells are also partially susceptible to viruses selected for the ability to grow on gD-expressing cells (1, 3) . These cells may be deficient in a receptor for gD. The second cell line, named 95-19, is a spontaneously resistant clonal cell line derived from BHK(TK Ϫ ) cells. These cells are also resistant to entry of free HSV at a step after attachment, as well as to entry of HSV by cell-cell spread (23) . These cells differ from U S 11cl19.3 cells in that they are resistant to mutant HSVs that can enter U S 11cl19.3 cells and gD-expressing cells. They are also resistant to the closely related alphaherpesvirus pseudorabies virus (PRV). Resistance in both cell lines can be overcome by exposure to the fusogen polyethylene glycol, and in cells so infected, normal viral replication ensues, suggesting that the only significant block to replication occurs at entry.
Though U S 11cl19.3 cells express both the ICP4 and U S 11 regulatory proteins of HSV-1(F), it seems likely for several reasons that their resistance to entry is a spontaneously arising property unrelated to their expression of viral genes. U S 11cl19.3 cells are derived from an ICP4-expressing BHK(TK Ϫ ) cell line that is susceptible to infection, demonstrating that ICP4 expression does not lead to resistance. We have constructed other cell lines expressing U S 11 at high levels in a variety of cell line backgrounds and found no evidence for resistance to HSV entry (9a), suggesting that U S 11 expression does not suffice to induce resistance to entry. Finally, the isolation of cell lines like 95-19, having mechanisms of resistance to entry fundamentally similar to those of spontaneously arising clones from the BHK(TK Ϫ ) cell line (22) , suggests that U S 11 expression is unnecessary for the resistance phenotype.
Two types of HSV entry-entry of free virus and entry by cell-cell spread-can be distinguished by differences in the viral and cellular factors required. Cell surface heparan sulfate is required for attachment of free virus but may be dispensable for cell-cell spread (9) . The virion glycoproteins gE and gI, which form a complex, are dispensable for entry of free virus but are essential for efficient cell-cell spread (4) . The role of gD in cell-cell spread is uncertain but clearly species dependent. In HSV and PRV, gD or gp50 is required for entry of free virus, but where HSV gD is essential for cell-cell spread, PRV gp50 is not (16, 20, 21) . The human alphaherpesvirus varicellazoster virus has no gD homolog and spreads from cell to cell. Finally, wild-type bovine herpesvirus requires gD for cell-cell spread, but a point mutation in gH can eliminate the gD requirement altogether (26) . Though HSV gD is essential for efficient cell-cell spread, it is unclear whether it plays the same role in cell-cell spread as in entry of free virus.
In this publication we further characterize the U S 11cl19.3 and 95-19 cell lines and we demonstrate the ability of HVEM to partially overcome their resistance both to entry of free virus and to entry by cell-cell spread.
MATERIALS AND METHODS
Cells and viruses. U S 11cl19.3 cells were derived by limiting dilution cloning of cells from the U S 11cl19 population described in reference 22. Their properties of resistance to HSV-1 are the same as that for the parent population, except that the resistance phenotype is stable over at least 20 serial passages. BHK(TK Ϫ ), 95-19, and U S 11cl19.3 cells were maintained in Dulbecco modified Eagle medium (DMEM) (high glucose) supplemented with 5% fetal bovine serum. Vero cells were maintained in DMEM (high glucose) supplemented with 5% newborn calf serum. Wild-type virus strains used were the Kaplan strain of PRV, HSV-1(F), HSV-2(G), and HSV-2(333). Recombinant HSV-1(17)(dUTPase/LAT) (gift of Ed Wagner, University of California, Irvine) contains the Escherichia coli ␤-galactosidase gene under control of the viral dUTPase promoter in place of both copies of the LAT genes and has been previously described (28) .
Measurement of virus replication in single-step growth. Cultures of BHK (TK Ϫ ) and U S 11cl19.3 cells were exposed to virus at a multiplicity of infection of 10 for 90 min at 4°C to allow attachment of virus. The inoculum was then aspirated, and cells were washed three times in 37°C phosphate-buffered saline (PBS) and placed at 37°C under growth medium. This was designated time zero of infection. After incubation for 90 min to allow virus entry and initiation of infection, cells were washed once with citrate buffer (50 mM sodium citrate-4 mM KCl, adjusted to pH 3.0 with HCl) and then incubated in a second wash of citrate buffer for 1 min to inactivate most of the residual virus. Monolayers were then washed twice in PBS and incubated in growth medium for the remainder of the infection period. At various times, cultures were frozen at Ϫ80°C and then thawed to lyse the cells, diluted 1:1 with autoclaved skim milk, and sonicated with a Fisher Sonic Dismembrator at power level 0 for 20 s to fully disrupt the cells and release virus particles. The virus stocks were then titrated on Vero cell monolayers, and plaques were counted after immunostaining (HSV-1 and HSV-2) or staining with amido black (PRV).
Plaque assays. Cultures of BHK(TK Ϫ ) or 95-19 cells that were 50% confluent were exposed to virus at 37°C for 90 min and then incubated in growth medium containing 0.01% pooled human immunoglobulin (Gammar; Armour Pharmaceutical) for 72 h to permit virus plaque formation. Cultures were then washed with PBS and fixed in methanol at Ϫ20°C for 20 min. Virus plaques were detected by immunoassay with monoclonal antibody directed against HSV-1 glycoprotein D (Goodman Cancer Research Labs) as previously described (22) .
Infectious-center assay. Duplicate cultures of BHK(TK Ϫ ) and 95-19 or U S 11cl19.3 cells in six-well cultures (10 cm 2 ) at 50% of confluence were exposed to virus at various multiplicities of infection at 37°C. The time of addition of virus was designated time zero of the infection. After 90 min of incubation to allow initiation of infection, cells were washed once with PBS and once more rapidly with citrate buffer (50 mM sodium citrate-4 mM KCl, adjusted to pH 3.0 with HCl) and then incubated in a second wash of citrate buffer for 1 min to inactivate most of the residual virus. Monolayers were then washed twice in PBS to remove the low pH buffer and placed in growth medium containing pooled human immunoglobulin to neutralize any extracellular virus. At 4 h of infection, one culture from each set of duplicates was treated with trypsin to detach the cells and one-half of the cell suspension was seeded into a six-well culture of Vero cells cultured in growth medium containing 0.1% pooled human immunoglobulin (Gammar; Armour Pharmaceutical). All cultures were then incubated at 37°C until 48 h after infection. Cultures were then fixed and plaques were visualized by immunostaining as previously described (22) .
Construction of stably transfected cell lines. U S 11cl19.3/pcDNA cells were generated by transfecting 10-cm 2 cultures of U S 11cl19.3 cells with 1.5 g of RSV5.hyg and 12 g of pcDNA3 using 15 l of Lipofectamine (Gibco/BRL) in DMEM without serum or antibiotics. Two days after transfection, cells were seeded into medium containing 200 g of hygromycin B (Sigma) per ml. After passage for several weeks in selective medium, the cell population was used for infectious center assays. U S 11cl19.3/BEC cells were generated in the same way, except that the transfecting plasmids were RSV5.hyg and pBEC10 (gift of P. G. Spear). 95-19/pcDNA and 95-19/BEC cells were generated by transfection of 10-cm 2 cultures of 95-19 cells with 2.5 g of either pcDNA3 or pBEC10 using 7.5 l of Lipofectamine in DMEM without serum or antibiotics. Two days after transfection, cells were seeded into medium containing 400 g of Geneticin (Gibco/BRL) per ml. Cells were passed for several weeks in selective medium and then used for infectious-center assays.
Assay for HVEM expression. Cells transfected with pBEC10 or vector control were washed twice with PBS containing 0.5 mM EDTA and then incubated in a third wash until the cells detached from the substrate. Detached cells were pelleted at low speed in a clinical centrifuge and then fixed by resuspension in PBS containing 1.9% formaldehyde and incubation for 10 min. Fixed cells were washed by three cycles of pelleting and resuspension in PBS. The washed cell pellet was resuspended in PBS containing 1% bovine serum albumin and a 1:600 dilution of anti-HVEM antiserum R133 (gift of Gary Cohen and Roselyn Eisenberg) (31) , and antibody was allowed to bind for 1 h at room temperature. Cells were then washed with another three cycles of pelleting and resuspension in PBS. The washed cell pellet was resuspended in PBS containing 10% normal goat serum (Sigma Chemical Co.) and a 1:200 dilution of fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G (Life Technologies), and the secondary antibody was allowed to bind for 1 h in the dark at room temperature. Cells were then washed three times with PBS and analyzed with a fluorescence-activated cell sorter (FACS) (FACScan; Becton Dickinson).
RESULTS
Infection of U S 11cl19.3 cells with PRV. PRV and HSV can compete with each other for binding to susceptible cell surfaces; this ability to compete is dependent on the presence of gD (15) . Subramanian et al., however, have shown that ST cells, which are resistant to HSV, are fully susceptible to PRV, suggesting that PRV can use a cellular receptor that HSV can not use (29, 30) . To determine whether U S 11cl19.3 cells are deficient in cellular factors required for entry of both HSV and PRV and whether these cells are also resistant to HSV-2, they were tested for the ability to support PRV and HSV-2(G) infection in a single-step growth assay, as described in Materials and Methods. Monolayer cultures of BHK(TK Ϫ ) and U S 11cl19.3 cells were infected with HSV-2 or PRV at a multiplicity of 10, and virus yield was determined at various times after infection (Fig. 1) . Replication of HSV-2(G) and PRV on BHK(TK Ϫ ) cells showed typical kinetics, with an increase in PFU of more than 3 log orders of magnitude over the residual virus (i.e., virus present at the earliest time point). On U S 11cl19.3 cells, in contrast, HSV-2(G) showed no indication of replication, indicating that this cell line is highly resistant to HSV-2 in addition to HSV-1. The viral titer in the infected cultures dropped continuously with time after infection, probably reflecting the loss of residual infecting virus. In contrast to the results with HSV, PRV replicated nearly as efficiently on U S 11cl19. Fig. 3 ). If test cells are resistant to infection by cell-cell spread, then the number of infectious centers will exceed the number of plaques formed on the test cells themselves, since infectious centers in the test cell monolayer will be surrounded by resistant cells. Efficiency of cell-cell spread was also assessed by examining plaque morphology after immunostaining. Representative results are presented in Tables 1 through 3 . The results shown in Tables 1 through 3 are representative of three (Table 1) or two (Tables 2 and 3) independent experiments.
In 95-19 cells (Table 1) , stable transfection with the HVEMexpressing plasmid pBEC10 rendered the population more susceptible to infection by free HSV-1 of either strain, as shown by an increase in the number of infectious centers. In the experiment shown, the HVEM-transfected cell population had about fourfold more HSV-1(F)-induced infectious centers than the control population. A slightly greater increase was observed with HSV-1(17)(dUTPase/LAT) (not shown). No increase in HSV-2-induced infectious centers was observed. For all HSV strains tested, the HVEM-expressing cell population was rendered much more susceptible to virus entry by cell-cell spread. For each virus strain tested, the number of test cell plaques observed was increased to be roughly equivalent to the number of infectious centers. The block to cell-cell spread was not completely overcome in these cells, however. Plaques formed on 95-19 cells were generally microscopic and composed of relatively few infected cells (Fig. 4B) . Cells trans- fected with pBEC10 formed many more plaques than untransfected or vector-transfected 95-19 cells, but the plaque size was not substantially increased (Fig. 4C) . In U S 11cl19.3 cells (Table 2) , in contrast to what was observed for 95-19 cells, no more infectious centers were observed on pBEC10-transfected cells than on cells transfected with the vector control with any of the viral strains tested. However, the U S 11cl19.3/BEC cells were rendered much more susceptible to cell-cell spread than the vector-transfected controls, demonstrating that in these cells also, HVEM can mediate cell-cell spread. The HVEM-dependent recovery of cellcell spread was not complete, since the number of test cell plaques was lower than the number of infectious centers for all strains tested and since the plaques formed on U S 11cl19.3/ BEC cells were composed of very few cells (not shown).
The low enhancement of infectious-center formation in 95-19 cells and the absence of enhancement of infectious-center formation on U S 11cl19.3 cells were somewhat surprising given the enhancement of susceptibility in transient transfection. Since these experiments were done with stably transfected cell populations and not with clonal lines, this might have been due to a low frequency of HVEM expression in the population and to variable expression among the HVEM-expressing members of the population. To assess this, FACS analysis was performed on fixed, nonpermeabilized cells with anti-HVEM polyclonal antiserum and FITC-conjugated secondary antibody (Fig. 5) . Both stably transfected cell populations (shaded regions of the histograms in Fig. 5 ) contained a minority subpopulation that expressed HVEM on the surface and only a relatively small number of cells that showed high-level HVEM expression (i.e., greater than 1 log 10 unit greater than the mean background). This may account for the small plaque size observed on the stably transfected cells, since any infected cell will be surrounded by very few cells expressing detectable HVEM.
PRV, unlike HSV, does not require its gD homolog for efficient cell-cell spread. If 95-19 cells are indeed missing a cell surface factor that interacts with PRV gD, then there should be no resistance to PRV cell-cell spread. Infectious-center assays were performed to test for resistance to entry of free virus and cell-cell spread (Table 3) . 95-19 cells yielded roughly 100-fold fewer infectious centers than did BHK(TK Ϫ ) cells, confirming that these cells are resistant to infection by free PRV. Stable transfection of an HVEM-expressing plasmid did not increase susceptibility to PRV. 95-19 cells, however, do support efficient cell-cell spread of PRV, since the number of test cell plaques was equivalent to the number of infectious centers and since PRV formed large plaques on 95-19 cells (Fig. 4D) . transfected cell types is apparently not due to differences in the level of HVEM expression or in the proportion of the population that expresses detectable HVEM, since FACS analysis of cell-surface HVEM shows that the cell populations used contain a similar fraction of expressing cells and that the level of HVEM expression is similar. Since neither cell line shows any significant block to infection following entry, this result suggests that HVEM may mediate entry more efficiently in some cell surface contexts than in others. The observation that expression of a single molecule, HVEM, renders both 95-19 and U S 11cl19.3 cells susceptible to HSV infection suggests that the basic mechanism of resistance is the same in the two lines. Since the evidence to date suggests that HVEM can act as a receptor for gD (19, 31) , the most economical hypothesis is that each of the cell lines is missing a receptor for HSV gD, for which HVEM can act as a substitute. Several aspects of our observations are consistent with this hypothesis. First, both cell lines are resistant to infection at a postattachment entry step, and studies with anti-gD neutralizing antibodies and gD Ϫ virus suggest that gD exercises its essential function at this stage of entry. Second, U S 11cl19.3 cells are at least partially susceptible to viruses that carry mutations in the gD gene (22) . Third, 95-19 cells, though resistant to entry of free PRV, are not resistant to entry via cell-cell spread. The PRV homolog of gD, gp50, is required for entry of free virus, but is dispensable for cell-cell spread. Since gp50 is dispensable for cell-cell spread, it follows that its cellular interaction partner should be dispensable for this process also.
The hypothesis that the basic mechanism of resistance observed in U S 11cl19.3 cells and 95-19 cells is the same, however, must be reconciled with the different properties of resistance shown by these two cell lines. Both cell lines are highly resistant to infection with HSV-1 and HSV-2, but 95-19 cells are, in addition, resistant to infection by free PRV, by mutant viruses that can enter U S 11cl19.3 cells, and by mutant viruses that enter resistant gD-expressing cells (22, 23) . Furthermore, the responses of the cell lines to HVEM expression are not identical. HVEM strongly increased the susceptibility to cell-cell spread in both lines, but similar levels of stable HVEM expression had different effects on the susceptibility to free virus. Stably expressed HVEM failed to function in entry of free virus in U S 11cl19.3 cells. Mediation of cell-cell spread may require less HVEM on the cell surface than does entry of free virus. It seems most likely that on susceptible BHK(TK Ϫ ) cells there are several factors that can mediate efficient herpesvirus entry: (i) a factor that can mediate entry of wild-type HSV-1, HSV-2, and possibly PRV (this factor is likely missing on 95-19 and U S 11cl19.3 cells, accounting for their resistance to HSV); (ii) a factor, separate from that described in i, that can mediate entry of free PRV but not wild-type HSV (this factor is evidently present on U S 11cl19.3 cells but is absent or substantially less active on 95-19 cells); and (iii) a factor, separate from that described in i, that can mediate entry of viruses like R5000 (22) and U21 (1), which carry specific mutations in the gD coding sequence, but not wild-type HSV (this factor is evidently present on U S 11cl19.3 cells but not on 95-19 cells). It is possible that the factors described in ii and iii are the same. The lack of multiple entry functions in 95-19 cells might be explained in several ways: (i) multiple point or deletion mutations, each of which causes the loss of a different entry mediator; (ii) a single deletion which causes the loss of multiple entry mediators (this implies a clustered arrangement of such mediators in the genome); or (iii) a single point or deletion mutation that disrupts the function of a single molecule required for proper expression of multiple entry mediators.
On Vero cells, HSV and PRV can compete with each other for a saturable entry factor, and the ability of each virus to compete with the other is dependent on expression of gD (15) (29) . The properties of U S 11cl19.3 cells suggest that this property is shared by at least some non-swine cell types. HVEM mediates entry of HSV by cell-cell spread into both 95-19 and U S 11cl19.3 cells. 95-19 and U S 11cl19.3 cells stably transfected with an HVEM-expressing plasmid are substantially less resistant to cell-cell spread of both HSV-1 and HSV-2, as shown by an increase in the number of plaques formed on these cells. In neither of the stably transfected cell lines is the block to cell-cell spread completely overcome, since plaque sizes are much smaller than those on permissive BHK(TK Ϫ ) cells, and in U S 11cl19.3 cells the number of plaques, though increased, is smaller than the number of infectious centers. Again, we suspect that this reflects low levels of HVEM expression in the stably transfected cells. The failure of gD Ϫ virus to spread from cell to cell in permissive cells (16) shows that some function of gD is essential for this type of entry. The observation that HVEM overcomes a block to cell-cell spread in resistant cells suggests that gD mediates its function in cell-cell spread at least in part by binding to the same receptor used in entry of free virus. This further suggests that both types of entry may be susceptible to therapeutic manipulations that alter gD-receptor interaction.
